Clinical results of current intravesical chemotherapeutics are insufficient, and novel and safe intravesical options for high-risk bladder cancer are required to prevent both recurrence and progression. In this study, we show promising efficacy of intravesical combination treatment using antisense oligonucleotides targeting heat shock protein-27 (Hsp27; OGX427) with HTI-286, a synthetic analogue of the marine sponge product hemiasterlin. The expression of Hsp27 in bladder cancer was examined using tissue microarray analysis. Then, four bladder cancer cell lines were screened for combination effects of OGX427 with HTI-286, and the molecular mechanisms underlying the synergic effect were analyzed. Chemosensitivity against HTI-286 was also compared between mock-transfected T24 (T24 mock) cells and Hsp27-overexpressing T24 (T24 Hsp27) cells. Furthermore, in vivo data were obtained in a bioluminescent orthotopic murine model of high-grade disease. Hsp27 is expressed at higher levels in bladder cancers compared with normal bladder epithelium. OGX427 significantly enhanced cytotoxicity of HTI-286. Combination treatment induced Akt inactivation and Bcl-2 down-regulation. T24 Hsp27 cells were more resistant to HTI-286 than T24 mock cells and showed stronger Akt activation after HTI-286 treatment. The protective effect of Hsp27 against HTI-286 was suppressed by LY294002, a phosphatidylinositol 3-kinase inhibitor, indicating that Hsp27-Akt interactions are key mechanisms to enhance chemosensitivity via OGX427. Intravesical combination therapy effectively inhibited orthotopic tumor growth without toxic side effects. Our results suggest that OGX427 enhances cytotoxicity of HTI-286 through Akt inactivation and provide strong preclinical proofof-principle for intravesical administration of OGX427 in combination with HTI-286 for high-grade bladder cancer.
Introduction
Bladder cancer, the fourth most common male cancer, is a significant clinical and economic burden with >68,000 cases diagnosed in the United States in 2008 (1) . Approximately 70% of bladder cancers are non-muscle-invasive at initial diagnosis (2) . Unfortunately, although transurethral resection is the primary treatment option for nonmuscle-invasive bladder tumors, adjuvant treatment options, including intravesical therapy, are limited in prevention of tumor recurrence or progression. Despite intravesical chemotherapy and/or immunotherapy, ∼80% of patients with non-muscle-invasive bladder cancer may develop recurrent tumors, of which 20% to 30% progress into more aggressive and potentially lethal tumors (3) (4) (5) . Further, although immunotherapy with Bacillus CalmetteGuerin (BCG) has shown significant benefits for tumor prophylaxis compared with current intravesical chemotherapeutics (6) , it is associated with significant local or systemic adverse effects and still >30% of high-risk patients ultimately require cystectomy within 15 years (4). Therefore, novel and safe intravesical options for early-stage high-risk bladder cancer are required to prevent both recurrence and progression.
We have developed several potential candidates for the intravesical treatment of noninvasive bladder cancer using a validated bioluminescent orthotopic murine model of high-grade disease (7) (8) (9) (10) (11) . One of these is HTI-286, a fully synthetic analogue of the natural tripeptide hemiasterlin, which binds to the tubulin heterodimer at a unique site and interferes with spindle-microtubule dynamics at very low concentrations (12) (13) (14) (15) (16) (17) . HTI-286 is advantageous when compared with taxanes or conventional chemotherapeutic agents against bladder cancer including mitomycin C, because it is a poor substrate for P-glycoprotein (MDR1) and thus reduces the possibility of multidrug resistance (18) . Several preclinical studies showed promising results, and an open-label phase I trial has been completed in patients with advanced solid tumors (12, (18) (19) (20) . Intravesical HTI-286 treatment in our xenograft model showed promising antitumor activity with minimal toxicity (8) . However, because high-performance liquid chromatography-mass spectrometry detected systemic uptake after intravesical instillation of HTI-286, improvement of safety and tolerability of intravesically administered HTI-286 might be possible if the dose of HTI-286 can be further minimized.
Another promising candidate for intravesical therapy is antisense oligonucleotide (ASO) therapy targeting heat shock protein-27 (Hsp27; ref. 9 ). Hsp27 is a potent tumor survival chaperone protein, and its expression has been associated with treatment resistance and apoptosis among many tumors (21, 22) . However, the functional significance of its expression in bladder cancer is still controversial (23, 24) . Inhibition of Hsp27 was reported to enhance several chemotherapeutic agents such as cisplatinum and 17-allylamino-demethoxygeldanamycin, and we have shown previously that a systemically delivered ASO targeting Hsp27 (OGX427; OncoGeneX) potently enhanced sensitivity to paclitaxel in s.c. xenograft model of bladder and prostate cancer (25) (26) (27) (28) . As an intravesically instilled agent, OGX427 monotherapy successfully reduced tumor volume, but there are no reports yet regarding intravesical combination treatment of ASO targeting Hsp27 and chemotherapeutic agents; more importantly, there are no previous studies comparing the efficacy of combination therapy of ASO therapeutics with chemotherapy versus chemotherapy alone when applied intravesically.
In the present study, we confirm the importance of Hsp27 as a molecular target to enhance chemosensitivity of bladder cancer and show effectiveness of combination treatment of ASO targeting Hsp27 and HTI-286 both in vitro and in vivo. These findings provide a novel strategy for intravesical treatment of patients with refractory nonmuscle-invasive bladder cancer.
Materials and Methods

Antibodies and Reagents
Antibodies were obtained as follows: anti-human HSP27 and anti-pp38 from StressGen; anti-pAkt, anti-p38, anti-Bax, and anti-human poly(ADP-ribose) polymerase from Cell Signaling Technology; anti-vinculin from Sigma; anti-Akt and anti-Bcl-2 from Santa Cruz Biotechnology; and antiglyceraldehyde-3-phosphate dehydrogenase from Novus Biologicals. 
yl-L-valinamide, also known as SPA110 or taltobulin) was generously provided by Wyeth Research. HTI-286 powder was dissolved in DMSO to produce a stock solution of 10 mg/mL, which was then diluted in PBS or culture medium to obtain the desired concentrations before each experiment. Paclitaxel was purchased from Polymed Therapeutics, cisplatinum was from Sigma, and gemcitabine was kindly provided by the British Columbia Cancer Agency. OGX427, a second-generation ASO targeting Hsp27, was generously provided by OncoGeneX; the sequence of OGX427 corresponds to the translation initiation site of the human HSP27 gene (5-GGGACGCGGCGCTCGGT-CAT-3). A scramble B (ScrB) control oligodeoxynucleotide was generously provided by ISIS Pharmaceuticals. LY294002 and SB203580 were obtained from Sigma-Aldrich.
Cell Culture
The human bladder cancer cell lines UMUC3 and T24 were purchased from the American Type Culture Collection. Cells were maintained in MEM or RPMI 1640 medium (Invitrogen) containing 10% fetal bovine serum and kept at 37°C in a humidified 5% CO 2 atmosphere, respectively. KK47 and 5637 cells were kindly provided by Dr. O. Ogawa (Kyoto University) and maintained in RPMI 1640 medium containing 10% fetal bovine serum. The KU7 cell line was kindly provided by Dr. M. Tachibana (Keio University). These cells were maintained in DMEM containing 5% fetal bovine serum and used for orthotopic model development. KU7 cells were infected with a lentivirus containing the firefly luciferase gene by Dr. Craig Logsdon (M. D. Anderson Cancer Center), and these subclones were named KU7-luc as described previously (7) .
Lentiviral Infection of Hsp27 into T24 Cells Human Hsp27cDNA was subcloned into the lentiviral vector pHR′-CMV-EGFP at the BamHI and XhoI sites. Two vectors were created for study: pHR′-CMV-Hsp27 and pHR′-CMV (empty vector). Infectious lentivirus was generated by cotransfection of 1.5 × 10 6 293T cells with target plasmids with pCMVDR8.2 (carries the sequence necessary for viral assembly of lentivirus) and pMD.G that expresses the vesicular stomatitis virus envelope glycoprotein G pseudotype as described previously (21, 22) . The 293T cells were transfected with Hsp27-expressing or empty lentiviral vector (10 μg of each) using the calcium phosphate precipitation method (Promega Profection Mammalian Transfection Systems). 293T cells were transfected for 12 to 15 h, after which fresh medium was added for 24 h. Following this, virus-containing media were collected and filtered through a 0.45 μm filter. T24 cells were plated in 10 cm plates, and competent retrovirus was added at a multiplicity of infection of 30 to 40. Cells were harvested after several passages, and whole-cell lysates were collected to ensure the expression of Hsp27 by Western blotting.
Cell Viability Assay Cells were treated at 50% confluence with OGX427 or ScrB control at 50 nmol/L in serum-free Opti-MEM (Invitrogen) using Oligofectamine transfection reagent (Invitrogen). Four hours later, growth medium containing 15% or 30% fetal bovine serum was added, resulting in a final concentration of fetal bovine serum of 5% or 10%. Oligodeoxynucleotides were administered twice on 2 successive days, and cells were treated with indicated concentrations of each chemotherapeutic agent for 3 days. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium (MTS) assays. Briefly, MTS (Sigma-Aldrich) was combined with phenazine methosulfate in a ratio of 20:1. This mixture was added to the culture medium in a 1:5 ratio and incubated for 4 h at 37°C in a humidified 5% CO 2 atmosphere. Absorbance was read at 490 nm using a microplate reader (Becton Dickinson Labware).
RNA Isolation and Reverse Transcription-PCR
Total RNA was isolated from cultured bladder cancer cells using the Trizol method (Invitrogen). First-strand cDNA was synthesized from 2 μg total RNA using random primers according to the manufacturer's protocol (Invitrogen). Primer sequences used for MDR1 cDNA amplification were as follows: 5′-ATGTCCAACGTCCCCCACAAG-3′ (sense) and 5′-TGACGCGATGATGAGCACCTC-3′ (antisense), resulting in a 249-bp fragment. Primers for amplification of the housekeeping gene human β-actin were as follows: 5′-GGACCTGACTGACTACCTCATGAA-3′ (sense) and 5′-TGATCCACATCTGCTGGAAGGTGG-3′ (antisense), resulting in a 731-bp fragment. PCR regimen for MDR1 involved 5 min of initial denaturation at 95°C followed by 40 cycles at 94°C for 40 s, 54°C for 40 s, and 72°C for 1 min. PCR regimen for β-actin involved 5 min of initial denaturation at 94°C followed by 30 cycles at 94°C for 30 s, 62°C for 30 s, and 72°C for 1 min. PCR products were separated by electrophoresis on 2% agarose gels.
Western Blot Analysis After drug treatments, cells were washed with PBS and lysed in an appropriate volume of ice-cold radioimmunoprecipitation assay buffer composed of 50 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS containing 1 mmol/L Na 3 VO 4 , 1 mmol/L NaF, 1 mmol/L phenylmethylsulfonyl fluoride, and protease inhibitor cocktail tablets (Complete; Roche Diagnostics). Cellular lysates were clarified by centrifugation at 13,000 × g for 20 min and protein concentrations of the lysates were determined by a BCA protein assay kit (Pierce). The lysates (10-30 μg) were boiled for 5 min in SDS sample buffer and separated by SDS-PAGE on a 10% to 15% Tris-HCl minigel and transferred onto a polyvinylidene difluoride membrane following standard methods. Membranes were probed with appropriate dilutions of primary antibodies followed by incubation with horseradish peroxidase-conjugated secondary antibodies. After extensive washing, proteins were visualized by a chemiluminescent detection system (GE Healthcare).
Cell Cycle Analysis Flow cytometric analysis of propidium iodide-stained cells was done to determine their DNA profile for cell cycle analysis and to quantify apoptotic rates by detection of cells with sub-G 1 DNA content as reported previously (29) . Briefly, after drug treatments, KU7 cells were trypsinized to produce a single-cell suspension and fixed with 70% ethanol. The next day, cells were washed with phosphate-citrate buffer to elute fragmented low-molecular-weight DNA and incubated with RNase A (0.5 mg/mL; Invitrogen) at 37°C for 30 min. Subsequently, cells were stained on ice with 1 mL of 50 μg/mL propidium iodide (Sigma-Aldrich), a fluorescent dye that intercalates double-stranded DNA. Relative DNA content was then analyzed on a dual-laser flow cytometer (Beckman Coulter Epics Elite; Beckman). Each assay was repeated thrice.
Tissue Microarray Immunohistochemistry The BL803 tissue microarray was purchased from US Biomax. The BL803 tissue microarray contains 30 cases of transitional cell carcinoma, 5 each of tumor-adjacent tissue and normal tissue, duplicating cores per case. Each core measures 1.5 mm in diameter and cores are arrayed in rectangular fashion with a 10 × 8 layout. Each core from each cancer tissue represents one single specimen that was selected and pathologically confirmed. In addition to the BL803 tissue microarray, 11 cases BL801 tissue microarray (US Biomax), which contains 11 cases of normal bladder tissue was included, as was 5 clinical samples of carcinoma in situ. Therefore, in this study, we used 30 cases of transitional cell carcinoma with histologic grading and staging according to the WHO system (30) and 16 normal tissues to examine Hsp27 expression in bladder tissue. Immunohistochemical staining was conducted on a Ventana autostainer model Discover XT (Ventana Medical System) with an enzymelabeled biotin streptavidin system and solvent-resistant DAB Map kit using a Hsp27 monoclonal antibody from Novacastra Labs. Tissue microarray slides were scanned on a BLISS System from Bacus Laboratories (Olympus). The staining intensity in each section was graded in a four-point visual scoring scheme (0-3 representing negative to high expression of Hsp27) with concern to the percentage of the area. All comparisons of staining intensity and percentages were made by a pathologist (L. Fazli) at ×20 magnification.
Orthotopic Murine Model of Bladder Cancer
The orthotopic mouse model used here was recently described by our group (7) (8) (9) (10) (11) . Briefly, 8-week-old female Hsd: athymic nude-Foxn1nu mice (Harlan) were anesthetized with isoflurane. A superficial 6/0 polypropylene pursestring suture was placed around the urethral meatus before a lubricated 24-gauge Jelco angiocatheter (Medex Medical) was passed through the urethra into the bladder. After a single irrigation of the bladder with 100 μL PBS, 2 million KU7-luc cells were instilled as single-cell suspension in 50 μL, and the purse-string suture was tied down for a 2.5 h period, during which the mice were kept anesthetized. Five days after intravesical instillation of KU7-luc cells, orthotopic bladder tumor growth was confirmed via bioluminescence. Mice were then randomly divided into four groups. Treatment was done for 2 weeks as follows: (a) ScrB + DMSO (vehicle control), (b) ScrB + HTI-286, (c) OGX427 + DMSO, and (d) OGX427 + HTI-286. ScrB or OGX427 at 50 nmol/L was instilled three times per week, and DMSO or HTI-286 at 0.05 mg/mL in 50 μL was instilled biweekly. Both singleagent OGX427 and HTI-286 treatment was previously examined by our group in the same model, and the instilled doses and regimen of OGX427 and HTI-286 were decided according to those results (8, 9) . To quantify in vivo tumor burden, animals were then imaged on days 5, 10, 15, 20, and 25 in an IVIS200 Imaging System (Caliper Life Sciences; see below). Necropsy was done after 25 days. The whole bladders were removed, fixed in 10% buffered formalin, and embedded in paraffin. At least one 5 μm section was obtained from each specimen and stained with H&E to assess morphology, and some were immunostained with Hsp27 using standard techniques described above. All slides were reviewed by a pathologist (L. Fazli) and were scanned on a BLISS workstation at magnification of ×5 to ×20 (Bacus Laboratories). Animal procedures were done according to the guidelines of the Canadian Council on Animal Care.
Bioluminescence Imaging Murine xenografts were imaged using an IVIS200 camera (Caliper Life Sciences). Briefly, mice were injected i.p. with 150 mg/kg D-luciferin (Caliper Life Sciences), anesthetized with isoflurane 5 min later, and imaged in the supine position exactly 11 and 15 min after injection. Then, the average of bioluminescence between 11 and 15 min was calculated. Data were acquired and analyzed using Living Image software version 3.0 (Caliper Life Sciences).
Statistical Analyses
All results are expressed as mean ± SE, calculated using Prism 4.03 (GraphPad Software). Data were analyzed by Kruskal-Wallis and Mann-Whitney U tests using InStat 3.06 (GraphPad). P values < 0.05 were considered statistically significant.
Results
Hsp27 is Highly Expressed in Human Bladder Cancer Specimen
As illustrated in Fig. 1 , immunohistochemistry of human bladder cancer tissue microarrays revealed Hsp27 expression in 86.7% of tumors (26 of 30 tumors). Using a fourpoint scale, with 0 being no expression and 3 being high expression, there was no "high" expression of Hsp27 in normal urothelium compared with 36.7% of bladder tumors (11 tumors) expressing high levels of Hsp27, resulting in statistically significant difference of relative intensity of Hsp27 immunostaining (P = 0.0024). When Hsp27 expression was compared between non-muscle-invasive and muscle-invasive cancers, there was no difference in the mean intensity of Hsp27 immunostaining (1.8 ± 0.2959 versus 1.8 ± 0.2678), although both express significantly high Hsp27 compared with normal urothelium (P < 0.05; Fig. 1B) . Furthermore, there was a clear tendency that Hsp27 expression was increased in high-grade bladder cancers (1.7 ± 0.2524 in lowgrade bladder cancer and 2.1 ± 0.3145 in high-grade bladder cancer, respectively; Fig. 1C ). These results show that, compared with normal bladder epithelium, Hsp27 is expressed at higher levels in bladder cancers, especially in high-grade bladder cancer independently of its muscle invasiveness.
Targeted Suppression of Hsp27 Enhances HTI-286-Induced Cytotoxicity in Bladder Cancer Cells
We then investigated the possibility of Hsp27 as a molecular target to enhance chemotherapy-induced cytotoxicity in bladder cancer cells. First, Western blot analysis was used to confirm knockdown of Hsp27 after OGX427 transfection in four different bladder cancer cell lines ( Fig. 2A) : treatment with 50 nmol/L OGX427 reduced Hsp27 expression levels in all four bladder cancer cell lines compared with ScrB control oligodeoxynucleotide. Next, to assess whether Hsp27 suppression alters chemosensitivity of bladder cancer cells to HTI-286, KU7-luc cells were treated with HTI-286 plus OGX427, and cell cycle distribution was examined by flow cytometric analysis. OGX427 monotherapy at 50 nmol/L did not induce apoptosis but greatly enhanced HTI-286-induced cytotoxicity and significantly increased the sub-G 1 population (Fig. 2B) . The results of MTS assays also confirmed the effects of OGX427 to enhance HTI-286 cytotoxicity in four bladder cancer cell lines (Fig. 2C) . Although two of four cell lines express MDR1, HTI-286 itself showed good cytotoxicity regardless of MDR1 expression, and the combination treatment with OGX427 further enhanced its chemotherapeutic efficacy. Furthermore, MTS assays showed that OGX427 enhanced the susceptibility not only to HTI-286 but also to other chemotherapeutic agents such as paclitaxel, cisplatinum, and gemcitabine in bladder cancer cells (Fig. 2D) . These results indicate that suppression of Hsp27 chemosensitizes bladder cancer cells against several cytotoxic agents. 
Suppressio n of Hsp27 Protein I nhibited A kt Phosphorylation and Induced Apoptosis Combined with HTI-286
Hsp27 has been reported to affect cisplatinum-induced cytotoxicity upstream of both ASK1/p38 apoptotic signaling and phosphatidylinositol 3-kinase/Akt survival signaling pathways (26) . To investigate the molecular mechanisms underlying the effects of Hsp27 suppression enhancing HTI-286-induced cytotoxicity in KU7-luc bladder cancer cells, changes of those pathways were examined after HTI-286 and OGX427 treatment. Using Western blot analysis, OGX427 monotherapy did not remarkably change Akt or p38 phosphorylation, whereas combination treatment of OGX427 with HTI-286 suppressed Akt phosphorylation and induced p38 phosphorylation (Fig. 3A) . Similarly, combination therapy suppressed Bcl-2 protein expression, whereas Bax protein levels did not change, leading to an increase of the Bax/Bcl-2 ratio. To examine the importance of p38 activation in this process, p38 activity was inhibited by SB203580, but this did not inhibit apoptosis when compared with treatments without the p38 inhibitor (Fig. 3B) . Similarly, Akt inactivation was observed in KK47 cells treated with the combination of OGX427 and HTI-286 (Fig. 3C) ; furthermore, this was also observed when KU7-luc cells were treated by the combination of OGX427 and other chemotherapeutic agents (Fig. 3D) .
Hsp27 Protects Bladder Cancer Cells from HTI-286-Induced Apoptosis by Enhancing HTI-286-Induced Akt Activation
To assess the protective effect of Hsp27 against druginduced apoptosis, Hsp27-transfected T24 cells (T24 Hsp27) and empty vector-transfected T24 cells (T24 mock) were established (Fig. 4A) , and their susceptibility to HTI-286 was compared. MTS assays show that T24 Hsp27 cells were more resistant to HTI-286 compared with T24 mock cells (Fig. 4A) . At that time, Western blot analysis showed that Akt activation was more strongly induced by HTI-286 in T24 Hsp27 cells than in T24 mock cells, although there was no remarkable difference in the Akt phosphorylation level at the baseline (Fig. 4B) . Similarly, poly(ADP-ribose) polymerase cleavage after HTI-286 treatment was reduced in T24 Hsp27 cells. Because the chemoresistance of T24 Hsp27 cells against HTI-286 decreased to a similar level as that of T24 mock cells after inhibition of Akt activity with LY294002, Akt activation was shown to be essential for the chemoresistance of T24 Hsp27 (Fig. 4C) . Taken together, these results indicate that Hsp27 contributes to chemoresistance in bladder cancer cells via the Akt signaling pathway and modulation of Hsp27-Akt signaling may be the fundamental mechanism of OGX427 to enhance chemotherapeutic efficacy.
In vivo Hsp27 Knockdown by OGX427 Enhances the Sensitivity of Orthotopic Bladder Cancer to HTI-286
In vivo studies were done on 28 athymic nude mice to evaluate the efficacy of intravesical combination therapy. Regardless of the intravesical treatment given, neither significant changes in mice weight nor hematuria as a local adverse symptom were observed. Concerning antitumor efficacy, as early as on day 10, mice treated intravesically with ScrB + DMSO or with OGX427 + DMSO progressed significantly faster than mice treated by OGX427 + HTI-286 (P = 0.0006 and 0.0041, respectively; Fig. 5A and B) . At the end of our study after 25 days, OGX427 and HTI-286 single-agent treatment only partially delayed tumor growth, whereas OGX427 + HTI-286 combination treatment significantly inhibited tumor growth compared with all other three treatment groups (P = 0.0111, 0.0379, and 0.0023 against ScrB + DMSO, ScrB + HTI-286 and OGX427 + DMSO, respectively). Western blot analysis and immunohistochemistry of mice bladders showed that intravesical treatment of OGX427 with DMSO or HTI-286 suppressed Hsp27 expression in superficial and deep layers of bladder tumors as described previously (ref. 9; Fig. 6A and B) , although there was some heterogeneity in the extent of Hsp27 suppression among individual mice (data not shown). Furthermore, similar to our in vitro results, suppression of Akt phosphorylation was also observed in the combination treatment group (Fig. 6A and B) .
Discussion
Intravesical BCG instillation is the most efficacious adjuvant regimen for non-muscle-invasive bladder cancer (6) . However, BCG treatment frequently causes irritative voiding symptoms and, less frequently, systemic adverse events that may limit its use; in addition, BCG treatment is associated with a failure rate of 30% (4). Furthermore, conventional intravesical chemotherapy with cytotoxic agents such as mitomycin C or epirubicin lack evidence for long-term efficacy against high-risk bladder cancer. In this situation, antimicrotubule agents are expected to provide novel intravesical options and docetaxel exhibited promising efficacy in a phase I trial as a second-line intravesical agent for superficial bladder cancer refractory to standard therapy (31) .
HTI-286, a fully synthetic analogue of the natural tripeptide hemiasterlin, interferes with spindle-microtubule dynamics leading to concentration-dependent apoptosis [12] [13] [14] [15] [16] [17] . This chemotherapeutic has potent cytotoxic properties and may be useful in the setting of chemoresistance because it is a poor substrate for the efflux pump P-glycoprotein (18). Serretta et al. reported that P-glycoprotein was highly expressed among 50% of examined bladder cancer and its status was not modified by intravesical chemotherapy (32) . The status of P-glycoprotein in bladder cancer correlates with chemoresistance when strongly expressed. Thus, HTI-286 may be used even in bladder cancers that express high levels of P-glycoprotein that are resistant to conventional chemotherapeutics, whether as primary or secondary therapy. Our previous data have shown that intravesical HTI-286 instillation therapy is efficacious against orthotopic bladder tumors, providing initial preclinical proof-of-principle for the use of HTI-286 against high-grade non-muscle-invasive bladder cancer (8) . Issues that still require further evaluation include are pharmacokinetic properties of intravesically instilled HTI-286. Previous mouse pharmacokinetic studies showed low systemic uptake of HTI-286 with an estimated systemic bioavailability ∼2% of the instilled dose, emphasizing the need to minimize the dose of intravesically instilled HTI-286 to as low as possible to minimize the amount of systemic absorption of the chemotherapeutic agent.
Hsp27 has been shown to be up-regulated in many malignancies, including prostate, liver, gastric, and breast cancers (21, (33) (34) (35) . In bladder cancer, the prognostic significance of Hsp27 expression levels is still uncertain, but our results, which show that Hsp27 tended to be strongly expressed in bladder cancer tissue, support a previous study by Takashi et al. that reported that Hsp27 expression in bladder cancer is higher compared with normal tissue (23) . From our results, Hsp27 seems to be highly expressed in high-grade bladder cancer independently of muscle invasiveness; therefore, our strategy targeting Hsp27 in combination treatment regimen appears to be reasonable as a molecular target therapy for high-grade non-muscle-invasive bladder cancer. Furthermore, ASO targeting antiapoptotic genes, such as Hsp27, clusterin, survivin, or Bcl-2, may be more effective in combination with antiproliferative drugs, because they suppress the cytoprotective response of cancer cells to increase the production of antiapoptotic proteins to overcome the apoptotic effects of chemotherapeutic agents. Following this rationale, although intravesical single-agent treatment with OGX427, a second-generation ASO targeting Hsp27, has shown some antitumor activity by itself (9), our most recent data clearly show that the combination treatment strategy of OGX427 with chemotherapeutic agents significantly suppressed bladder cancer growth both in vitro and in vivo greater than single-agent therapy regardless of the chemotherapy used (Fig. 2D) .
Hsp27 protects cells from apoptosis via various mechanisms such as decreasing reactive oxygen species, restoring protein homeostasis, stabilizing the actin-cytoskeleton, delaying the release of cytochrome c from mitochondria and Bid intracellular redistribution, and inhibiting activation of caspase-3 (36) (37) (38) (39) (40) . It has been reported that depression of drug-induced ASK1/p38 activation and enhancement of drug-induced Akt activation had a close relationship to Hsp27-induced chemoresistance against cisplatin (26) . In our study, down-regulation of Hsp27 by OGX427 itself did not change p38 and Akt status, but, on the other hand, it induced both definitive p38 activation and Akt inactivation in combination with HTI-286 treatment. Because p38 inhibition by SB203580 did not suppress apoptosis evoked by combination treatment of OGX427 and HTI-286, we believe that p38 activation may not be a crucial mechanism to induce apoptosis after HTI-286 treatment. On the contrary, because chemoresistance against HTI-286 in T24 cells overexpressing Hsp27 was suppressed in the presence of the Akt inhibitor LY294002, interactions of Hsp27 and Akt signaling should be considered to be crucial for the enhancement of HTI-286-induced cytotoxicity by OGX427. This is consistent with results regarding Hsp27 and cisplatin reported by Zhang and Shen (26) . These authors suggested that enhancement of Akt activation is associated with complex formation between Akt and Hsp27. Because there was no remarkable difference in the Akt phosphorylation level at the baseline between T24 mock and T24 Hsp27, we consider that Hsp27 may have a significant influence on Akt pathway especially when cancer cells are exposed to cellular stress. The mechanisms of Hsp27 to regulate Akt activity should be further elucidated in the future.
Although the mechanisms of Hsp27 to regulate Akt activity are still being evaluated, Akt has been reported to be upstream of various antiapoptotic or proapoptotic proteins. In our study, Bcl-2 down-regulation was observed when Akt was inactivated under combination therapy. Bcl-2 is tightly regulated by different mechanisms, including transcription, heterodimerization, and degradation, through the ubiquitin-proteasome pathway and Akt has a close relationship to regulate Bcl-2 function through those steps. One of the interacting mechanisms is the inactivation of Bad by Akt, which disrupts Bad-Bcl-2 complexes and then makes Bcl-2 free to act as an antiapoptotic effector (41) . Furthermore, Akt is also involved in transcriptional regulation of Bcl-2, and inhibition of Akt activity has been reported to significantly decrease Bcl-2 promoter activity (42). Although Havasi et al. suggested the possibility that Hsp27-mediated changes of Akt regulate Bax activity through GSK3β (43), changes in Bcl-2 expression might also contribute to the control of Bax activity by Akt.
Despite our analyzing the molecular mechanisms by which our combination therapy induced apoptosis in cancer cells in vitro, there are some limitations to our in vivo study. Our pharmacokinetic analysis of oligodeoxynucleotide uptake was limited, and we did not include pharmacokinetic analyses of HTI-286 uptake using high-performance liquid chromatography-mass spectrometry. However, previous pharmacokinetic analyses of intravesical OGX427 and HTI-286 when given independently resulted in minimal systemic absorption (8, 9) . Furthermore, we think that it may be difficult to compare the effect of this combination treatment with conventional BCG treatment in the preclinical model, because an immunocompetent model to examine the effect of BCG treatment is required. A phase I clinical trial to compare the effect of combination of these treatments to assess adverse effects as well as pharmacokinetic and pharmacodynamic profiles is required.
In conclusion, our studies suggest that interaction of Hsp27 with the Akt pathway may be an important molecular target to enhance chemotherapeutic efficacy of HTI-286. Our in vitro and in vivo data provide strong preclinical proof-of-principle for the use of a novel intravesical combination treatment consisting of OGX427 and HTI-286 for high-grade bladder cancer with Hsp27 overexpression. Although OGX427 is already in phase I clinical trials both as an intravenous single-agent and in combination with docetaxel in patients with advanced prostate, ovarian, lung, breast, or bladder cancers, further research is warranted to evaluate the efficacy and safety of intravesical combination treatment of OGX427 with other chemotherapeutic agents such as HTI-286.
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